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Is microwaveradiation useful for fir edetection?

Abstract

Thispaperdealswith thequestionof whethermicrowavesmightbeusefulfor

fire detection.PLANCK ’s law shows us thata blackbodyemitselectromag-

neticradiationalsoin themicro-or millimeterwaveregion. Sincesuchwaves

exhibit a differentattenuationbehaviour thaninfraredradiationaninvestiga-

tion of this phenomenonis interestingfor a fire researcher. In this paperwe

will presentthephysicalbasics,explain how to measureandto usesuchra-

diation for estimationof the fire locationandgive somepreliminaryresults

obtainedby first experiments.

1 Intr oduction

Therearealreadyhigh-techproductsavailableon themarket to locatethefire origin, or

may be alsopersonsin danger, throughthe smoke. Suchimageprocessingdevicesare

basedon the infrared radiation (IR) of a hot spot. In general,suchdevicesarecalled

radiometers sincethey simply measurethe intensityof radiation. In the following we

will distinguishbetweenIR-radiometersandMW-radiometerswhereMW standsfor mi-

crowavesor alsofor millimeter-waves.Radiometersaremostcommonlyusedfor remote

sensingof theearthfrom satellitesandairplanes,but thattopic is beyondthescopeof this

paper. In theindustry, radiometerscanbeusedfor remotemeasurementof temperatures

in ovens,converters,kilns,andotherplaceswheretheuseof conventionalcontactingtem-

peraturesensorsor IR-radiometersis impossiblebecauseof hightemperatures,smoke,or

watervapour. However, MW-radiometerscanoftennot competewith IR-radiometersor

conventionalsensorssincethelattersareusuallycheaperandsimplerto build. Themain

advantagesof MW-radiometersfor theusein fire detectionarefourfold:

1. Thepossibilityto measurethroughoptically thick smokeandvapor.

2. The insensitivity of MW-radiometersto environmentalconditions,suchaswater

vaporanddust(contraryto infraredmethods),andhigh temperatures(contraryto

semiconductorsensors).



3. Thefactthatthermalmicrowavenoiseradiationcomesfrom a thicker surfacelayer

thantheIR radiationdoes.

4. ThefactthatMW penetratesall materialsexceptof metals.

In contrast,theirmaindisadvantagesconcerningfire detectionare:

1. Thehigherthecenterfrequency, themoreexpensivearetheelectroniccomponents.

2. Becauseof the relatively long wavelengthscomparedto IR, theachievablespatial

resolutionmightbelimited.

Hence,theonly thing which is almostsureis thatmuchefforts areneededto investigate

whetherMW-radiationcanbeusefulfor fire detection.Exactlythisproblemis thecentral

topic of this paper. In thefollowing we will presentthephysicalbasicspreparedfor the

non-physicist,explainhow to measureandto usesuchradiationfor estimationof thefire

locationandgivesomepreliminaryresultsobtainedby first experiments.

2 The physicalbasics

To investigatewhetherMW-radiationcan be useful for fire detectionwe cansplit this

probleminto threeseperatequestions:

1. How muchMW-powerPE emitsafire ?

2. How muchMW-powerPR receivesanantenna?

3. How muchMW-powerPD is availablefor detectionat theantennaoutput?

Beforewe startto answerthesethreequestionslet usshortlycommentthem.Of course,

a theoreticalanalysisto predictthe expectedpower at the antennaoutputis essentialto

judge the useof MW-radiationin fire detection. For this reasonwe have first to find

a formula for the emittedMW-power of a fire. Obviously, sincewe usuallynot know

theburnedmaterialwe cannotexpectto find a generalformulabeingindependentof the

materialproperties.Fortunately, we cannotonly find an upperboundbut alsoa rough

ideahow muchthedeviation of theupperboundis. This will beexplainedby answering

the first question. Thenwe considerthe caseof ideal transmissionwherewe have no

attenuationon thepropagationof theelectromageneticradiationthroughtheair. Lateron

wewill discusstheinfluenceof smokeor watervaporor solidmaterials.Soweobtainan

estimationof the received power. By answeringthe third questionwe demonstratethat

an antennais definitely not an ideal measurementdevice. We have to include its own



temperatureandits directivity patternto calculatethe outputpower. This outputpower

is the most interestingquantity, sincewe have to processthe antennaoutput signal to

detecta fire. Moreover, by useof an antennaarray insteadof a singleantennawe are

ableto scanthe whole scenarioand,therefore,we arealsoableto locatethe fire origin

within acertainresolution.To illustratethewholeproblem– separatedinto threedifferent

questions– considerFig. 1.

Smoke
Water

Vapor

PD

PE

PR

Figure1: TheemittedpowerPE, thereceivedpowerPR, andthedetectedpowerPD

2.1 How much MW-power PE emitsa fir e ?

Consideranelectromagneticwaveof frequency f which hits anarbitrarybodywith tem-

peratureT. Thepowerof theincidentwaveis denotedasPI
�
f � , whereasPRefl

�
f � T � is the

PI � f �
PRefl � f � T �

PA � f � T �
Figure 2: The incidentpower PI

�
f � , the reflectedpower PRefl

�
f � T � , and the absorbed

powerPA
�
f � T �

reflectedpower, andPA
�
f � T � is the absorbedpower. Note that the reflectedaswell as

theabsorbedpower do not only dependon thefrequency f of theincidentwave but also

on thetemperatureT. In general,they arealsodependenton thedirectionof theincident

radiationrelatedto thesurfaceof thebody– theso-calleddirectionof arrival – aswell as

to thepolarizationof theelectromagneticwave. Sinceherethelatter two parametersare



moreof randomnatureandthuswe considerthemasuniform distributed,we omit them

asindependentvariables.

Let usnow definethedegreeof absorption(or absorptivityfor short)as

a
�
f � T ��� absorbedpower

incidentpower
� PA

�
f � T �

PI
�
f �	� (1)

Obviously, the rangeof theabsorptivity is betweenzeroandone(0 
 a
�
f � T ��
 1). An

interestingbody is sucha onewhich absorbsall incidentpower irrespective of the fre-

quency f and the temperatureT. Sucha body is calledblack body (rememberhow a

black holeworks)andis fully describedby

aBB
�
f � T ��� !� 1 �  f � T �

wheretheindex BB denotestheblackbody.

Let us leave the areaof absorptionandconsidernow the areaof emission. If a body

hasa temperaturegreaterthanT � 0K, it will emit radiationcausede.g.by a jump of an

electronto astateof lowerenergy. In caseof suchajumpanelectromagneticwaveoccurs

with energy hf , whereh � 6 � 626 � 10� 34Ws2 is PLANCK ’s constant.Consequently, each

bodywith T � 0K radiateselectromagneticwaves.Supposethatanarbitrarybodyemits

thepowerPE
�
f � T � thanthedegreeof emission(or emissivityfor short)is definedas

e
�
f � T ��� emittedpower

emittedpowerof ablackbody
� PE

�
f � T �

PE � BB
�
f � T � � (2)

In contrastto the absorptionwe do not have an incidentwave. Thuswe needa refer-

encequantity, wheretheblackbodyemissionPE �BB
�
f � T � is a naturalchoice. Note that

theemissivity of a blackbody is obviously equalto one. Notealsothatat this point we

cannotstatethat the emissivity doesnot exceedthe value1. This will be shown later.

In thefollowing we try to find a relationbetweentheemissivity e
�
f � T � andtheabsorp-

tivity a
�
f � T � of an arbitrarybody. For this reasonconsiderFig. 3. Supposethat the

TT

Plate2Plate1

PE � 1 � f � T �
PE � 2 � f � T � Mirrors

Figure3: An experimentto find a relationbetweene
�
f � T � anda

�
f � T � .

two platesareon the sametemperatureT. Eachof thememit the power PE � 1 � f � T � or



PE � 2 � f � T � . Theplatesaresurroundedby two mirrors,sothatno emittedradiationcanbe

lost. Consequently, PE � 2 � f � T � is theincidentpowerfor theleft platewhereasPE � 1 � f � T � is

the incidentpower for theright plate. In otherwords,a1
�
f � T � PE � 2 � f � T � is theabsorbed

power of plate1 anda2
�
f � T � PE � 1 � f � T � of plate2, wherea1

�
f � T � anda2

�
f � T � arethe

absorptivity of plate1 andplate2, respectively. Sinceweassumea thermicalequilibrium

– bothplateshave thesametemperatureT – bothabsorbedpowersmustbethesamefor

eachfrequency andfor eachtemperature

a1
�
f � T � PE � 2 � f � T � !� a2

�
f � T � PE � 1 � f � T � �

By useof eq. (2) we immediatelyobtain

a1
�
f � T �

e1
�
f � T � !� a2

�
f � T �

e2
�
f � T �

wheree1
�
f � T � ande2

�
f � T � aretheemissivity of plate1andplate2, respectively. Suppose

thatplate2 is a blackbodythenweget

a1
�
f � T �

e1
�
f � T � !� 1

sincefor a blackbodytheabsorptivity andtheemissivity areperdefinitionequalto one.

It follows for anarbitraybody– hererepresentedby plate1 –

a
�
f � T � !� e

�
f � T �  f � T � (3)

This rule is called K IRCHHOFF’s law and it meansthat an arbitrarybody that absorbs

muchpoweralsoemitsmuchpower in thesamebandof frequencies.Of course,it canbe

a goodabsorber/emitterin onefrequency bandbut abadonein another.

We arenow ableto write theemittedpowerof anarbitrarybodyas

PE
�
f � T � !� a

�
f � T � PE � BB

�
f � T � � (4)

Sincetheabsorbtivity hasarange0 
 a
�
f � T ��
 1 wearenow ableto saythattheemitted

power of anarbitrarybody is alwaysequalto or lessthan the emittedpower of a black

body. Thus,if we know PE � BB
�
f � T � we canuseit asanupperboundfor PE

�
f � T � . Note

thatsucha resultis not clearby only useof thedefinition(2) for theemissivity. At that

point wearenotableto saythattheemissivity is alwayslessor equalto one.

The radiationPE � BB
�
f � T � of a blackbody wasfirst derivedby PLANCK, the founderof

thequantumtheory. Sincethederivationis complicatedwe will hereonly give thefinal

result,widely known asPLANCK ’s law

dPE � BB
�
f � T �

d f
� 4πAhf 3

c2

1

e
hf
kT � 1

� (5)



whereA is thebodiessurface,c � 3 � 108m� sis thevelocityof light, k � 1 � 38 � 10� 23Ws� K
is the BOLTZMANN-constant,andanemissionin a half sphereis assumed(this meansa

solidangleof Ω � 2π). Observethattheunit of dPE � BB
�
f � T ��� d f is W � Hz,sothatit canbe

interpretedasthedistributionof thepowerversusfrequency. Thefollowing Fig. 4 shows

this quantityasa functionof thefrequency for differenttemperaturesanda bodysurface

A � 1m2. It canbe clearly seenthat on the consideredrangeof micro- andmillimeter-
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Figure4: PLANCK ’s Law for A � 1m2

wavesPLANCK ’s law canbeapproximatedbyalinearfunctionin alogarithmicscale.The

mathematicalreasonis thatfor suchsmallfrequenciesthepowerseriesfor theexponential

function

e
hf
kT � ∞

∑
n� 0

1
n!

�
hf
kT � n

canbebrokenoff afterthesecondterm

e
hf
kT

hf � kT� 1 � hf
kT �

We obtain

dPE �BB
�
f � T �

d f
� 4πAf 2kT

c2 � (6)



which is a linear function in a logarithmic scale. This result is known as the law of

RAYLEIGH-JEANS. The advantageof eq. (6) is the possibility for an integration in a

closedform. Denoting fc asa centerfrequencyand∆ f astheconsideredbandwidththe

total emittedpowercanbecalculatedas

PE � BB
�
fc � ∆ f � T � �  fc ! ∆ f " 2

fc � ∆ f " 2 4πAf 2kT
c2 d f

� 4πAkT
3c2

�
3 f 2

c ∆ f � 2
�
∆ f � 2� 3 � (7)

fc # ∆ f$
12� 4πAkT

c2 f 2
c ∆ f (8)

Wehavenow obtainedanequationfor thetransmittedpowerof ablackbodydependingon

theuser-chooseablecenterfrequency fc, theuser-chooseablebandwidth∆ f , thesurface

A and the temperatureT of the black body. To get a feeling about the rangeof this

power considera practicalscenario.Supposea surfaceof A � 0 � 5m2, T � 1000K, fc �
11GHz,∆ f � 1GHz,thentheemittedpower is equalto PE � BB

�
11GHz� 1GHz� 1000K�%�

116� 24nWwhich is easyto detectwith conventionalantennas.Of course,herewe have

not only omittedtheabsorptivity a
�
f � T � but alsothedistancer betweentheantennaand

the fire. Beforewe explain how to includer we will finish the first questionby a short

discussionabouta
�
f � T � .

From PLANCK ’s law it canbeseenthat only thesurfaceA of theblackbody influences

theemittedpower. It is alsoknown thatmicrowavesor alsomillimeter-wavescantravel

throughsolid materialwith sometimesonly a small attenuation.This is in contrastto

IR-radiationwhich is clearlyattenuatedby solidmaterials.Thus,wemightexpectthatin

caseof MW-radiationnot only thesurfacebut alsotheinnerof a realbody(e.g. thefire)

will contribute to the emittedpower. Sincethe black body radiationdoesonly depend

on A theabsorptivity a
�
f � T � mustexhibit a correspondingbehaviour. In otherwordswe

have to expect– asa tendency – thata
�
f � T � mustbehigherfor MW-frequenciesthanfor

IR-frequencies.Moreover, this tendency mustbe valid for all temperatures.Therefore,

it might be very interestingto measurethe absorptivity a
�
f � T � of typical fire materials

(e.g. wood). This is plannedfor a future researchproject. To get a feeling aboutthe

quantityof absorptivity andequivalentlyof theemissivity, considerthefollowing tabular

(see[1]). Althoughthesearenotmaterialstypicallyoccuringin fire detectionit showsthat

thevaluesfor theabsorptivity andemissivity arenotverysmall.Of course,oneexception

is metalwhichtotally attenuateselectromagneticradiationdueto thehugenumberof free

electrons.So,theemissivity aswell astheabsorptivity arenearlyzerofor metal.

After we have answeredthe questionHow much MW-powerPE emitsa fire ? we can

say that a detectionof a fire by measurementof MW-radiationseemsto be possibleif

all radiationnear fc canbecollected.However, this would meanthataroundthefire an



Material e
�
30 � 90GHz� 280K� Material e

�
30 � 90GHz� 280K�

Sand 0.90 Smoothrock 0.75

Asphalt 0.83 Concrete 0.76

Coarsegravel 0.84 Heavy vegetation 0.93

Table1: Typicalemissivity for normalincidenceand280K

half spherehave to beconstructedwhich fully worksasanantenna.Sincethis is a very

unpracticalapproachwehave to askthesecondquestion:

2.2 How much MW-power PR receivesan antenna?

To explain theprincipalproblemconsiderFig. 5. Weassumethatafire omnidirectionally

PE

r

Ae

PD

PR

Figure5: A practicalsetup

emitsits radiationin ahalf spheresothateachpoint on thehalf spherereceivesthesame

amountof radiationpower. Sincea half spherehasa surfaceof 2πr2 we immediately

obtainfor thereceivedpower

PR
�
f � T �%� Ae

2πr2 PE
�
f � T �&� (9)

whereAe is theso-calledeffectivearea indicatedin Fig. 5 directly beneaththe antenna

asa patternedregion. We will not discussthe detailsof the ideaof the effectivearea.

For a shortexplanationconsideranantennaof reasonablesizeandregularshape,e.g. a

satellitedish.Thentheeffectiveareais nearlyequivalentto thegeometricalsurfaceof the

parabolicmirror. It shouldbepointedout thattheeffectiveareadoesonly dependon the

antennasshapeandnot on thereceivedradiation.We emphasizethis factbecausein the



literaturetherelationAe � λ2
cGe� � 4π � canoftenbefound. Hereλc � c0 � fc is thecenter

wavelengthandGe is the so-calledantennagain. Sincethe antennagain is oftengiven

asa number(e.g. for a λc � 2-dipoleGe � 1 � 64), we might assumethat theeffectivearea

becomesquadraticallydependentonthecarrierfrequency. Thismightcanceltheincrease

of PE � BB
�
fc � ∆ f � T � on f 2

c in eq. (8) sothatthereceivedpowerPR
�
f � T � wouldnot longer

dependon the centerfrequency. This is not true, sincethe antennagain is frequency

dependentandtheeffectiveareais not.

Thus,it follows from eq. (9) that thereceivedpower decreasesinverselyproportionalto

the squarer2 of the distancer and increaseslinearily with the antennaseffective area.

Supposethat a measurementof picowattsis possiblewith a satellitedish. Assumethat

theparabolicmirror hasa diameterof 80cm. Thenwe obtainfor themaximumdistance

betweentheantennaandthefire in our practicalexample

rmax �(' π
�
0 � 4m� 2PE

�
11GHz� 1GHz� 1000K�

2π 10� 12W
� 96� 43m�

Sucha maximumdistancemight besufficient in numerousapplications.However, note

thatthemaximumdistanceis linearly dependingon thecenterfrequency fc sothatit can

beincreasedif needed.

Up to now we do not have considereda possibleattenuationduring the propagationof

theelectromagneticwave from thefire to theantenna.In otherwordswe have assumed

a freespacebetweenfire andantenna.So, let usfill this freespacewith somematerial,

e.g.air, fog, smokeor asolid. Of course,wewill havesomeadditionalattenuationwhich

dependsontheemittedfrequency f aswell asthetemperatureT andmaybealsoonother

parameters,e.g.thehumidityof thematerial.Hence,wehaveto extendeq.(9) asfollows

PR
�
f � T ���*)H � f � r �+) 2 Ae

2πr2 PE
�
f � T �&� (10)

whereH
�
f � r � is thetransferfunctionfromthefire to theantenna(orviceversa)for agiven

frequency f anddistancer. In general,supposethata sourceemitsa signalsesin
�
2π f t �

with aconstantamplitudese. Thissignalpropagatesthroughtheconsideredmaterial,e.g.

air, fog or smoke,overadistancer andasinkreceivesthesignalsr
�
f � r � sin

�
2π f t � φ

�
f ���

with afrequency dependentamplitudesr
�
f � andanarbitraryphaseφ

�
f � . Thenthetransfer

functionis simplygivenby

H
�
f � r ��� sr

�
f �

se
e� αr ejφ , f -

whereα .0/ includestheproperties(particlesizedistribution,opticalindex of refraction)

of theconsideredmaterialandthereceivedamplitudesr
�
f � r � canbeseparatedas

sr
�
f � r ��� sr

�
f � e� αr �



Thenext figureshows theattenuation10log )H � f � 1m�+) 2 in dB� m in caseof air andfog.

It canbeseenthattheattenuationin caseof air is stronglyfluctuating.This is dueto the
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Figure6: Attenuationof Air andFog

moleculesin theair, likee.g.O2 or H2O, whichabsorbenergy in certainfrequency bands

leadingto a high attenuation.This mustnot benecessarilya disadvantage.For example

in futuregenerationsof wirelesscommunicationa carrierfrequency of 60GHzmight be

chosento achievesmallcommunicationcells.

ComparingtheMW- to theIR-regionit canbealsoseenthattheIR-regionexhibitsnumer-

ouswindow frequencieswhereastheMW-region shows a principal increasingbehaviour

with increasingfrequency. This meansthat for MW the consideredcenterfrequency fc
shouldnot be too high which is in contradictionto theresultwe found in eq. (7) or (8),

wherethecenterfrequency shouldbeashigh aspossibleto increasetheemittedpower.

In otherwords,hereacompromisehasto befoundin future.

Theothercurve – fog – shows not only a moresmoothbehaviour, but, muchmoreinter-

esting,it demonstratesthat IR-radiationis clearly attenuatedwhereastheattenuationof

MW-radiationnearlyremainsunchanged. Therefore,the MW-radiationpower of a real

bodymight becometo a similar orderof magnitudeastheIR-radiationpower for fog or,



moreinteresting,smoke. Althoughthis resultis surprising,it is furtherconfirmedby the

formerdiscussionthatfor MW-radiationnot only thesurfaceof theburningmaterialbut

alsothedeeperlayersarecontributingto thetotalemittedpower. Moreover, it canbeseen

in Fig. 6 that accordingto the EN 54 (EuropeanStandard)all of the smoke generating

testfiresareleadingto anattenuationgreaterthanfog in theIR-domainaround300THz

(correspondingto awavelengthof approximately900nm). Wehaveindicatedwell-known

typicalvaluesof 0 � 6dB� m (openwoodfire) to 2dB� m (smoulderingwoodfire(pyrolysis),

glowing smoulderingfire (cotton))for thesetestfires. To our bestknowledgeonly a few

thingsareknown on the attenuationof MW-radiationin caseof smoke (see[2]). The

experimentswere doneby the military (fog oil, dustdispersedby detonatinghigh ex-

plosives,white andredphosphorouspackages).For thewindow frequencies35GHzand

94GHzonly the dustexperiments– not the smoke experiments– have shown an atten-

uationof 0dB� m to 0 � 000375dB� m. At 35GHzthe maximumattenuationis a little bit

increasedto 0 � 0005dB� m. Theseresultsarealsoshown in Fig. 6. asthreefilled bars.

Thus,in caseof a smokecausedby a fire we expectonly a verysmallattenuationsothat

theMW-radiationapproachmight bepreferedin comparisonwith existing IR-Radiation

basedtechniques.In conclusionwe canstatethatmoreresearchis neededabouttheat-

tenuationof MW-radiationfor fire detection.

After answeringthesecondquestionweaskthelastquestion:

2.3 How much MW-power PD detectsan antenna?

The remainingtask is now to constructan almostideal antennawhich converts the re-

ceivedelectromagneticradiationPR in anelectricpower PD asoptimalaspossible.Here

we arefacedwith two principalproblems:

1. Theantennawill alsoreceiveotherradiationnotcausedby thefire.

2. Theantennaitself introducesadditionalnoisedueto their imperfectness.

Concerningthefirst problem,it is clearto suppressasmuchaspossibleof theundesired

radiation. This leadsto the question– What is the causeof undesiredradiation? Of

course,eachantennahasa directivity patternwhich shows to which extent an incident

waveunderangleφ is amplified.For example,asatellitedishexhibitsahighdirectivity in

onedirection– theso-calledmainlobe– whereasotherdirections(sidelobes)aremainly

suppressed.However, if a smallfire is propagatingandevenif themain lobe is directed

to the fire, then the antennawill also receive additionalradiationcausedby otherheat

sources.Theseothersourcesaresimply somematerial,e.g. thewall of theclosedroom,

for which thetemperatureis higherthan0K. Thus,in practicewe have to expecta lot of



distortions.For this reasonit is very importantto developanantennawith a very narrow

beamandvery low sidelobes. We will not furtherdiscussthis tasksincethis is outside

the scopeof this paper. However, even if we have developedsuchanantenna,how can

we achieve that its main beamis alwayspointeddirectly to thefire ? This problemcan

besolvedby theso-calledsmartantennasknown from wirelesscommunicationsor radar

processing.Smartantennasareusuallyconsistingof anarray of antennaswhereall the

antennaoutputsareprocessedtogetherto steerthemainbeamof thewholeantennaarray

in a certaindirection. In otherwords,theantennaarrayis ableto scantheenvironment.

Of course,this scanningleadsto a picture which shows the temperatureprofile of the

environment. This picturecouldbe for exampledisplayedon a screenso thata fireman

enteringasmokedroomcouldbeableto locatethefire. Moreover, sincetheantennaarray

scansthewholeenvironment,the resultingtemperatureprofile might show – besidethe

fire location– alsopeoplein danger. Thefollowing figureshowstheprincipalsetupfor a

non-mobilesituation.

antennaarray

inhomogeneousmedium

steerable
antennabeam

electronically

Figure7: An antennaarrayto estimatethelocationof thefire origin.

Now let usconsiderthesecondproblem.Sincetheantennawill alsoexhibit atemperature

of higherthan0K, it will introducesomeadditionalthermalnoisein our measurement.

In addition,all successive amplifierswill decreasetheprecisionof our measurementdue

to additionalthermalnoise. Fortunately, a very clever approachis known to suppressat

leastthenoisecausedby theamplifiers.Thisprincipleis calledDICKE-radiometerandit

worksasfollows. Theantennaoutputsignalandasignalof a referenceobjectof variable



temperatureTr arethe inputsof a switch – calledthe DICKE-switch. The outputof the

switch is connectedwith an amplifier circuit so that the outputof this circuit is usedto

measuretheincidentradiationpower. Theswitchwill beperiodicallyswitched,e.g.with

afrequency of 1kHz. Duringthemeasurementthetemperatureof thereferenceobjectwill

bevarieduntil theoutputpower of thewholeamplifiercircuit remainsconstant.So the

outputpower will beindependentof theswitchingcycles. In this casewe candetermine

thetemperatureof thereceivedradiation– it is simplyequalto Tr in thiscase– anddueto

PLANCK ’s law alsoproportionalto thepowerof thereceivedradiation.Consequently, the

thermalnoiseof theamplifierswill not affect our measurementif we successfullyapply

theDICKE-approach.

In this subsectionwediscussedthemainproblemsandgaveanapproachhow it couldbe

possibleto solve them. Of course,muchwork is still neededto find anoptimalantenna

configurationfor the desiredpurpose. In the last sectionwe will show the first results

obtainedby someexperimentsin thefire detectionlaboratoryof GERHARD-MERCATOR-

UniversityDuisburg, Germany.

3 Somefirst experiments

Thefirst experimentsfor fire detectionin garbagebunkerswith microwavesweredoneby

DASA (DaimlerChryslerAerospaceAG). Their resultshave motivatedus to investigate

this ideamoredetailed.In contrastto IR-radiationtheMW-radiationseemsnotonly to be

technicallyunusedin fire detectionbut alsoit seemsnot to bemeasuredfor standardized

test fires (TFs). For this reasonsomefirst experimentsweredoneat the fire detection

laboratoryof GERHARD–MERCATOR–UniversityDuisburg.

We have useda commercialsatellitedish and a low noiseconverter (LNC). The dish

wasadjustablein spaceso that eitherthe MW-radiationof the room walls or of thefire

wasmeasured.The centerfrequency was fc � 11 GHz andthe chosenbandwidthwas

∆ f � 1MHz.

In thefirst experimentcharcoalof anareaof 0 � 15m2 wasignited with a distanceto the

antennaof r � 4 m. The measuredpower differencewasfluctuatingbetween0 � 4 � 0 � 6
dBm. To studytheprincipaleffect of smoke we have blown somewatervaporbetween

the antennaandthe fire. The maximumloss in power was0 � 05 dBm comparedto the

smokelesssituation. To geta moredetailedpicturewe have carriedout mostof all test

fires accordingto the Europeanstandard(EN 54), wherenow the distancebetweenthe

antennaandthefire origin wasincreasedto nearlythemaximumpossibleof r � 7 m. We

haveobtainedthefollowing results.

All fires containingsomeglowing material(TF1, TF2, TF4) canbe easilydetected.In



Testfire typicalbehaviour powergain remarks

TF 1 - open flamesandlater 0 � 6 dBm embersweremeasureable,

woodfire glowing wood flameswerenotmeasureable

TF 2 muchsmokeand 0 � 15dBm smokehasno influence,

pyrolysis laterglowing wood embersweremeasureable

TF 4 - open smoke,flamesand 0 � 15dBm increasedpower level

polyurethanfire embers probablydueto embers

TF 5 - liquid flamesandhigh 0 dBm no change

n-Heptanfire temperature

TF 6 - liquid flames 0 dBm no change

spirit fire

TF 7 - flames,darksmoke, 0 dBm neontubebehindthefire

dekalinfire low temperature 0 dBm canbeeasilydetected

Table2: Resultsof thetestfires

contrast,fires only consistingof flames(TF 5, TF 6, TF7) cannotbe seen.This is not

surprisingsinceaflamehasspectralcomponentsmainly in theIR- or visible light-region.

However, flamesarenot in ourfocussincesophisticatedflamedetectorsarealreadydevel-

opedto reliablysolvethisdetectionproblem[3]. To getafirst impressionof theinfluence

of smoke we have arrangedbehindthe test fire TF 7 a neontube. Despitethe optical

darksmoke theneontubecanbeeasilydetectedby its MW-radiation.As aconsequence,

theassumptionthatsmoke only slightly attenuatetheMW-radiationis confirmedby this

example.

4 Conclusions

In this paperwe presentedthe fundamentalsof microwave radiationfor fire detection.

MW-radiationofferssomedistinctadvantagesin comparisonwith conventionalIR–radi-

ation.Forexample,MW-radiationpenetratesalsoopticalthicksmokeandvaporwith only

a slight attenuationandit penetratesprincipally all materialsexceptmetals. Moreover,

MW-radiometersarevery insensitive to environmentalconditions,suchaswatervapor

anddust(contraryto infraredmethods)andhightemperatures(contraryto semiconductor

sensors).Last but not least, thermalmicrowave noiseradiationcomesfrom a thicker

surfacelayer than doesIR radiation. In contrast,two main disadvantagesconcerning

fire detectioncan be given, first, with increasedcenterfrequency the costsare clearly

increased,andsecond,becauseof the relatively long wavelengthscomparedto IR, the



achievablespatialresolutionmightbelimited.

We have also derived a closedformula for the received antennapower. This formula

shows the influenceof chosenparameters,like the antennabandwidth,the antennaef-

fectiveareaandtheantennacenterfrequency andof non-chooseableparameters,like the

temperatureof thefire, thedistancebetweenfire andantenna,andthesurfaceof thefire.

By somefirst experimentswe have demonstratedthatwith a very simplesetup– a com-

mercialsatellitedish– firescanbeeasilydetectedif theburningmaterialis glowing. In

our opinionmuchresearchis neededon this area,sincemany applicationscanbeimag-

inedwheremicrowavesareveryusefulfor fire detection.
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